Three sets of medically important yeasts, Candida albicans, C. tropicalis, and C. krusei, were compared with their putative synonyms (C. langeronii and C. claussenii, C. paratropicalis, and Itssatchenkia orientalis, respectively) to determine if these synonyms are genetically distinguishable from each other. Pulsed-field electrophoresis and hybridization to species-specific probes were used to accomplish this goal. The species-specific probes for C. albkans and C. tropkafis have been previously described (27A and (3'13.8, respectively) whereas the probe for C. krusei (CK3) was cloned in this study. No distinguishing characteristics between synonyms were identified, thus supporting the current taxonomic treatment of these organisms.
Introduction
Classification of the yeasts relies upon testing a selected panel of biochemical reactions, with a determination made regarding the identity of the isolate supported, in part, by morphological characteristics. Within any set of biochemical reactions for a given species there are bound to be a few which can be variable, depending on the isolate. Problems arise when a reaction viewed as 'typical' (all isolates of that species respond the same) is atypical, or when the number of variable reactions (' + or -') for a given species becomes large.
The genus Candida has been described as a 'taxonomic pit' (Odds, 1987) , a reflection of the diverse nature of the organisms placed there. This genus has been frequently reclassified with respect to the composition of its members. Species have been added, subtracted, and renamed. Much of this activity has involved members that are closely related, but are variable in too many characteristics to classify them as biochemically homogeneous. Compounding the difficulty of proper classification is the potential for variation, of particular significance for the medically important members of this genus. This variability can be manifested in genetic, biochemical or morphological properties.
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A partial solution to this problem has been the employment of DNA-DNA homology for the determination of relatedness by assaying an unknown isolate against a 'typical' (usually the type culture) control (Meyer, 1979) . This technique has proven an invaluable tool to fungal taxonomists and has by and large confirmed, the excellent job that classical mycologists have done with regard to taxonomy. While this technique is arguably the single most important standard with regard to an accurate determination of relatedness, there are instances in which proper taxonomic conclusions may require additional techniques. For example, DNA-DNA homology, unless performed with unique sequences, results in chimpanzees and humans having a homology of 95% (Kohne et al., 1972) . On the other hand, if there are numerous inversions present within the genome, this could give an erroneously low value. Also, DNA-DNA homology requires the use of special skills and inclusion of the type culture in each assay. Finally, DNA-DNA homology generally does not detect the presence of subgroups. While this is not important for simple variants, the presence of a distinct subgroup or cluster should be determined in order to account for any potentially important distinguishing characteristics, especially if they are of diagnostic value or play a role in pathogenicity.
We have utilized two molecular techniques, hybridization to species-specific probes and pulsed-field gel electrophoresis, to study the relationship among organ-lis, but can be distinguished by its inability to ferment sucrose and melezitose, and assimilation of L-arabinose (Baker et al., 1981) . C. krusei is considered to be the haploid state of Z. orientalis by DNA-DNA homology (Kurtzman et al., 1980) , yet in our experience no clinical isolates of C. krusei ever produced an ascomycetous state or mated with tester strains of Z. orientalis. C. claussenii and C. langeronii are treated as synonyms of C. albicans. C. claussenii is considered to be a germ-tube-negative mutant (Lodder & Kreger-van Rij, 1952) , while C. langeronii is considered to be a chlamydosporenegative mutant (Uden & Buckley, 1970) .
These yeasts were chosen for study because recent molecular and genetic analyses of the relationship of C. albicans to C. stellatoidea in this laboratory (KwonChung et al., 1988 (KwonChung et al., , 1989 , and others (Kamiyama et al., 1989) , have shown that Type I C. stellatoidea comprises a distinct subgroup of C. albicans although this was not recognized by DNA-DNA homology. In this study we have cloned a species-specific sequence for the detection of C. krusei, and investigated the possibility that within the synonymy of C. tropicalis, C. albicans, and C . krusei, there are distinct subgroups which should be recognized as being more than atypical variants.
Methods
Strains andprobes. All strains and probes used in this study are listed in Table 1 . All isolates were tested for identity using the API 20C system (Analytab Inc.) in addition to other diagnostic criteria (morphology, germ tube production). The species-specific probes CT13.8 for C. tropicalis, 27A for C. albicans and CK13 for C. krusei were used to determine strain relatedness, and where possible, DNA fingerprints. 27A was cloned by S. Scherer and D. A. Stevens and has been described extensively (Fox et al., 1989; Scherer & Stevens, 1988) . CK13 was cloned using the folowing protocol. Genomic DNA was partially digested with Sau3A and ligated into Bluescribe + (Stratagene) opened at the BamHI site. After transformation into Escherichia coli, individual colonies were picked to a grid on nitrocellulose filters. After growth on the filters, the colonies were lysed in situ and hybridized in 4 x SSC (0.6 M-sodium chloride, 0.06 M-sodium citrate, pH 7.0) containing 10 pg salmon sperm DNA ml-l and 0.2% lauryl sarkosinate. Unfractionated DNA used to make the library was 32P-labelled by random priming (Amersham) and used to probe the filters.
Colonies showing hybridization signals greater than background levels were rescreened with a clone containing C. albicans ribosomal DNA. DNA was prepared from the colonies that did not hybridize with this clone and used to probe Southern filters containing DNA digests of numerous Candida species. The clone hybridizing most intensely, and to the largest number of bands in C. krusei, but not to the others, was selected for further study. CT13.8 was previously cloned using the Pulsed-Jeld electrophoresis. Agarose plugs were prepared using the method described by Wickes et al. (1991 a) . Electrophoresis conditions were as follows. For all isolates, plugs were melted at 67 "C and loaded into a 0.4% chromosomal-grade agarose (CGA) gel (Bio-Rad) made up in 0.5 x TBE (TBE is 89 mM-Tris/borate, 2 mM-EDTA, pH 8). For C . tropicalis and C. paratropicalis, dual ramped switch times were used for separation, beginning with 180-300 s for 15 h, and followed by 500-lo00 s for 99 h at 60 V. C. krusei and Z. orientalis chromosomes were separated using a 0-5 % CGA gel with dual ramped switch times of 180-300 s for 25 h followed by 420-900 s for 95 h at 65 V. C. claussenii, C. langeronii and C. albicans chromosomes were separated in a 0.5% CGA gel using dual ramped switch times of 180-300 s for 25 h followed by 420-900 s for 95 h at 65 V. All runs were performed using a Bio-Rad CHEF DRII apparatus in 0.5 x TBE running buffer kept at a constant temperature of 12 "C.
DNA extraction and restriction analysis. DNA was extracted from all isolates using a modification of a method previously described for Cryptococcus neoformans (Varma & Kwon-Chung, 1991) . In this method, cells were harvested after 20 h of growth on Sabouraud's dextrose agar plates. Zymolyase 20T (ICN Immunobiologicals) was substituted as the spheroplasting enzyme by adding 400 p1 of a 45 mg ml-l stock solution to the cell suspensions. Hybridization to species-specific probes C. tropicalis us C. paratropicalis. The probe CT13.8 is a 2.4 kb, moderately repetitive, non-rDNA sequence useful for distinguishing isolates of C. tropicalis from other species of Candida, and each other. It has previously been used to distinguish clinical isolates of C. tropicalis from C. albicans (Sol1 et al., 1988) . When the probe was hybridized to Southern blots of digested genomic DNA from numerous yeast isolates, extensive hybridization was observed only for C. tropicalis and C. paratropicalis (Fig. 1) . Both of these isolates yielded 15-20 bands ranging in size from approximately 13 kb to 1-75 kb. The other isolates either did not hybridize, or yielded only a limited number of bands. This probe was able to distinguish C. tropicalis from other isolates of Candida, including C. albicans. However, it was not able to distinguish C. tropicalis from C. paratropicalis, by either band number or intensity.
C. krusei us I. orientalis. The probe CK13 is a 0-9 kb fragment that was isolated from C. krusei and was found to be useful as a species-specific probe, although not discriminatory enough for intraspecies fingerprinting. This is probably due to the small size of the fragment. Hybridization of this probe to Southern blots of digested genomic DNA from multiple Candida isolates resulted in strong hybridization to C. krusei and I. orientalis DNA in the 8-10 kb size range, but not to other Candida species (Fig. 2) . Ocassionally, weak hybridization signals to one or more non-krusei bands were observed, but not enough to interfere with detection of C. krusei isolates. As in the case of C. tropicalis and C. paratropicalis, I. orientalis could not be distinguished from C. krusei using this procedure.
C. albicans us C. langeronii and C. claussenii. In order to compare these three isolates, the probe 27A was used. This probe has been shown to be a moderately repetitive, non-rDNA, species-specific sequence which hybridizes only to C. albicans DNA. Because of its repetitive nature, it is also useful for intraspecies discrimination since only the most closely related (clonal) strains display the same restriction pattern. It is therefore a potentially useful epidemiological tool. When this probe was hybridized to genomic digests of C. albicans, C. langeronii and C . albicans, langeronii C. claussenii DNA, they displayed banding patterns and signal intensities typical of other C. albicans isolates in that the signals were both numerous and intense (Fig. 3) . The hybridization pattern of C. claussenii and C . langeronii displayed five to eight bands ranging in size from approximately 2 to 12 kb. No unique characteristics were observed which would distinguish these two yeasts from each other or from numerous other C. albicans isolates (data not shown).
Electrophoretic karyotypes
C. tropicalis us C . paratropicalis. The karyotypes of these two isolates are compared in Fig. 4 . Isolates of C. paratropicalis had karyotype patterns indistinguishable from those of C. tropicalis. Additionally, both had the same pattern of chromosome sizes: two were approximately 1-1.5 Mb in size and five were approximately 2.5-4 Mb in size. No sexual cycle has been described in C. tropicalis, and it has been recently shown to be diploid (Picataggio et al., 1991) , so each band probably represents two chromosomes. For both isolates, seven bands were observed and chromosomal polymorphisms were evident. As in C. aibicans, the polymorphisms are probably due to separation of homologues and the unequal migration of the rDNA-containing chromosomes (Wickes et al., 1991 b) .
C. aibicans us C. langeronii and C. claussenii. The karyotypes of these three isolates are shown in Fig. 5 . These isolates possess chromosomes of a wide size range, with the karyotypes of C. langeronii and C. claussenii bearing a close resemblance to those of C. albicans. While the karyotype of C. albicans is known to be very heterogeneous, a general pattern exists within which the karyotypes of C. claussenii and C . langeronii fit. The chromosomes can generally be placed into three different groups. Chromosomes, 1,2 and R (the rDNA-containing chromosome) comprise the largest and most variable class; chromosomes 3 and 4 are mid-sized and very typical of C. albicans, and chromosomes 5 , 6 and 7 comprise the smallest class. While this general pattern is typical of C . albicans, there are exceptions. Deviation is generally due to separation of homologues and/or differences in migration of the rDNA-containing chromosome. C. claussenii appears to lack one of the larger chromosomes, a phenomenon which we have also occasionally observed in some C. albicans isolates. This can result from extensive shearing of the R chromosome, possibly exacerbated by differences in size of this chromosome in a given population. This size difference is always manifested by fuzziness of the R chromosome, even in unsheared samples. The karyotype of C. langeronii possesses extra bands in the region of chromosomes 6, 4 and 3 of C. albicans. No linkage mapping has been performed with these isolates so it cannot be determined if these extra bands are homologues. However, the general pattern resembles C. albicans, and the largest and smallest bands are consistent in size with their C. albicans counterpart.
C. krusei vs I. orientalis. The karyotypes of these two yeasts are shown in Fig. 6 . They are nearly identical. For each isolate, we estimate the number of chromosomes to be five, based on the separation of four bands and the high intensity of the largest band, which suggests the presence of at least two chromosomes in that region. In contrast to C. albicans, there do not appear to be any midsized chromosomes. While the ploidy of this organism has not been confirmed, separation of homologous chromosomes was not observed. 
Discussion
The development of species-specific probes has enabled researchers to identify particular isolates of interest quickly and conclusively. A side benefit of these probes is that they are frequently useful for 'fingerprinting', which can establish clonal relationships; this makes them valuable epidemiological tools. For each species we investigated, we found that the species-specific probe for that species, hybridized to the putative synonymous isolate as well as to the control culture. Additionally, when useful fingerprint patterns were generated (27A, CT13.8), we found no distinct characteristics which could be used to distinguish the synonym from the type culture.
When we compared electrophoretic karyotypes within these groups, we also found that the putative synonyms did not possess karyotypes distinctly different from the species as a whole. C. krusei and I. orientalis were found to be identical; both possessed at least five chromosomes, which is in contrast to earlier reports of three (Iwaguchi et al., 1990; Suzuki et al., 1988) . Based upon this observation, the absence of mating between clinical isolates of C. krusei and tester strains of I. orientalis at least, is not due to incompatible karyotypes if one considers I. orientalis to be heterothallic. Whether this organism is homothallic or heterothallic has not been clearly established (Kurtzman et al., 1980) . The isolates of C. langeronii and C. claussenii could not be distinguished from C. albicans, although heterogeneity was observed within this group. It is rate to find two independent isolates which possess identical karyotypes, but it should be noted that only one isolate of each type was investigated. We do not know if all isolates of each type are identical or heterogeneous; however, all the chromosomes of C. claussenii and C. langeronii fell within the size ranges of the chromosomes of C. albicans. C. paratropicalis and C. tropicalis also had indistinguishable karyotypes which were comprised of seven bands. Previous reports have estimated the number of chromosomes of C. tropicalis to be eight (Fukuda et al., 1991 ; Suzuki et al., 1991) and six (Suzuki et al., 1988) , respectively. It should be noted that in those papers, a single clinical isolate that was not the type culture was used, and extensive linkage mapping to determine if any of the bands could in fact be homologues which have separated was not done. This phenomenon is a frequent occurrence in C. albicans and is complicated by the observation of the R chromosome being extremely variable in size. Together, these problems can complicate chromosome numbering, identification and quantification. In the light of the close taxonomic relationship of C. tropicalis to C. albicans, a final determination of chromosome number should include linkage mapping, since this will reveal any homologues which have separated, and also will account for both homologues.
The results of this study support the conclusions previously arrived at by classical yeast taxonomists. However, it should be emphasized that there may be other, more detailed parameters which would be more suitable for determining the proper relationship of these organisms with respect to others grouped under the same species. For taxonomists, this is obviously burdensome since it is only important to know 'who' an organism is in relation to others within the same genus. This is best done with as few characteristics as possible, in the interest of efficiency. The clinical mycologist, on the other hand, wants to know 'what' an organism is, and is therefore interested in any unusual characteristics it may possess since these may have an impact on treatment. Recent studies with Type I C. stellatoidea, for example, have shown that although it does not merit species status, this organism is not a simple variant of C. albicans in spite of > 95% DNA-DNA homology. In these studies, pulsed-field electrophoresis and DNA fingerprint patterns were the most significant indicators of Type I C. stellatoidea being a true subgroup of C. albicans. Additional evidence in support of this includes morphological (Martin et al. , 1937) , biochemical (Kamiyama et al., 1989) , and genetic (Kwon-Chung et al., 1989) properties. Type I1 C. stellatoidea, on the other hand, has been shown to be a simple a-glucosidase mutant of C. albicans (Kwon-Chung et al., 1990) , and is indistinguishable in all other characteristics.
This study was based on the assumption that previously independent species reclassified as synonyms by DNA-DNA homology may actually qualify as a subgroup when tested using other molecular techniques. We investigated conspecific yeasts within the species C. albicans, C. tropicalis and C. krusei and found no evidence supportive of C. langeronii and C. claussenii (C. albicans), C. paratropicalis (C. tropicalis) being classified as anything but synonyms. In spite of the failure in mating between clinical strains of C. krusei and the tester strains of I. orientalis, our study showed that these were one and the same.
Future studies should investigate what parameters would be most effective or desirable for recognizing the existence of subgroups after biochemical similarity and DNA homology have been determined. Additionally, there may be other groups within the medically important yeasts that are worth investigating for subgroups, such as C. parapsilosis.
